Background: Abnormal accumulation of glucosylceramide (GlcCer), a fundamental membranous glycolipid, causes numerous diseases. Results: Activation of AMP-activated protein kinase (AMPK) decreases intracellular GlcCer levels and synthase activity. Conclusion: AMPK negatively regulates GlcCer synthesis by decreasing UDP-glucose, a precursor of GlcCer. Significance: AMPK activation may be a new target for treating diseases caused by the accumulation of GlcCer.
Glycosphingolipids (GSLs) 2 are amphipathic compounds consisting of oligosaccharides and ceramide moieties. They are ubiquitous in the outer leaflet of the plasma membrane and believed to be involved in a large number of cellular processes, including signal transduction, membrane trafficking, cytoskeletal organization, and pathogen entry (1, 2) . Because most mammalian GSLs are generated from glucosylceramide (GlcCer), GlcCer synthesis is an important step for determining cellular GSL levels. GlcCer is synthesized by GlcCer synthase (UDP-glucose:ceramide glucosyltransferase (UGCG), EC 2.4.1.80) from ceramide and uridine diphosphate-glucose (UDP-Glc) at the cytosolic surface of the Golgi apparatus (3) .
GlcCer is a fundamental GSL found in organisms ranging from mammals to fungi. In vivo studies demonstrate that UGCG plays critical roles in development, differentiation, and energy homeostasis (4 -7) . For instance, ugcg knock-out mice die in utero, because gastrulation is blocked by ectodermal apoptosis (4, 8) . The forebrain neuron-specific deletion of UGCG in mice results in obesity, hypothermia, and lower sympathetic activity (9) . This study demonstrated that UGCG expression in neurons of the adult central nervous system (CNS) regulates the leptin signaling pathway and controls energy homeostasis at the whole-animal level.
On the other hand, abnormal accumulation of GlcCer and GSLs is known to be closely related to several diseases or disorders, such as Gaucher disease, Parkinson disease, insulin resistance, breast cancer, and polycystic kidney disease (PKD) (10 -16) . In ob/ob mice, an animal model of type II diabetes, GlcCer levels are increased in several tissues, such as liver and muscle.
Interestingly, insulin sensitivity, glucose homeostasis, and adipocyte function are improved by treating the mice with an UGCG inhibitor (17, 18) . The expression of ugcg mRNA is significantly increased in tumors of the breast, small intestine, cervix, and rectum compared with that in normal human tissues (11) . ugcg overexpression is associated with drug resistance in several cancer cells and the maintenance of pluripotency in breast cancer stem cells (19, 20) . Suppression of UGCG expression sensitizes cancer cells to anticancer agents (21) .
Previous studies indicated that GlcCer levels should be strictly regulated to appropriate levels to maintain biological activities. How cells regulate the activity of UGCG is yet to be clarified. Elucidating the mechanisms underlying the regulation of UGCG may lead to new and more effective treatment options for diseases caused by the abnormal accumulation of GlcCer/GSLs.
The hydrolysis of ATP drives all energy-requiring processes in living cells. To maintain ATP at a sufficient level, eukaryotic cells have an important nutrient and energy sensor, AMP-activated protein kinase (AMPK) (22) . AMPK is a heterotrimeric serine/threonine kinase that enhances signaling in ATP-generating pathways, such as glycolysis or fatty acid oxidation, while inhibiting anabolic processes, such as biosynthesis of fatty acids, cholesterol, glycogen, and triacylglycerol, under energyreducing conditions (i.e. increasing AMP/ATP or ADP/ATP ratios). Because AMPK is closely involved in the metabolism of glucose and fatty acids, which are components of GlcCer, we expected that AMPK could also control GlcCer metabolism in mammalian cells. To test this possibility, we assessed the intracellular UGCG activity and cellular GlcCer levels under AMPK-activating conditions.
In the present study, we found that AMPK affects the GlcCer biosynthesis pathway. Intracellular GlcCer levels and UGCG activity were reduced by AMPK-activating drugs, such as 5-aminoimidazole-4-carboxamide 1-␤-D-ribofuranoside (AICAR) and the anti-diabetic drug metformin. On the other hand, an AMPK inhibitor and AMPK siRNA overrode the reduced GlcCer synthase activity or cellular GlcCer levels under AMPK-activating conditions, indicating that AMPK is a negative regulator of GlcCer synthesis. The expression or phosphorylation levels of UGCG were unchanged under AMPKactivating and AMPK-inhibiting conditions. Instead, we found that cellular sugar nucleotides, including UDP-Glc, a precursor of GlcCer synthesis, were decreased by AMPK-activating compounds. In addition, we found that UDP-Glc-degrading enzyme, UDP-Glc pyrophosphatase Nudt14, is phosphorylated and activated by AMPK, which is partly, but significantly, involved in the reduction of UDP-Glc.
The present study provides mechanistic insights into the regulation of GlcCer synthesis by AMPK, by which UDP-Glc levels were decreased through the activation of UDP-Glc pyrophosphatase. Importantly, AMPK activators were capable of reducing cellular GlcCer levels of cells derived from patients with Gaucher disease. Our findings suggest that reduction of GlcCer via AMPK activation may serve as the basis for new treatment options for diseases caused by the accumulation of GlcCer.
Experimental Procedures
Materials-Ammonium formate, AICAR, 6-[4-(2-piperidin-1-ylethoxy)phenyl]-3-pyridin-4-ylpyrazolo[1,5-a]pyrimidine (Compound C (CC)), and anti-␣-tubulin antibody were purchased from Sigma-Aldrich. Precoated silica gel 60 TLC plates were purchased from Merck. Metformin HCl was purchased from LKT Laboratories, Inc. (St. Paul, MN). Tetrabutylammonium hydrogen sulfate was purchased from Tokyo Chemical Industry Co., Ltd. Formic acid, methanol, chloroform, and acetonitrile were purchased from Nacalai Tesque. Pro-Q Diamond phosphoprotein gel stain, SYPRO Ruby protein gel stain, 7-nitro-2,1,3-benzoxadiazole (NBD) C6-ceramide, NBD C6-ceramide conjugated to bovine serum albumin (BSA), anti-␤-actin mouse antibody, Alexa Fluor 568 anti-mouse IgG, and Alexa Fluor 488 anti-rabbit IgG were purchased from Life Technologies, Inc. NBD C6-GlcCer was purchased from Matreya, LLC (State College, PA). Antibodies against DYKDDDDK (FLAG) tag, AMPK␣1/2, phospho-AMPK␣1/2 (Thr-172), ACC, phospho-ACC (Ser-79), phospho-(Ser/Thr) AMPK substrate, and LKB1 were purchased from Cell Signaling Technology (Beverly, MA). Nudt14 antibody and donkey anti-goat IgG HRP were obtained from Santa Cruz Biotechnology, Inc. GM130 antibody was purchased from BD Biosciences.
Construction of Expression Vectors-PCR was carried out by Phusion polymerase (Thermo Scientific) using mouse kidney cDNA (GenoStaff, Japan) as a template and primers listed in Table 1 for amplification of Nudt14 and UGP2. Phosphorylation site-deleted mutants, Nudt14 T141A and UGP2 S448A, were generated using mutation primers listed in Table 1 (Nudt14 T141A-S, Nudt14 T141A-A, UGP2 S448A-S, and S448A-A). The amplified products were inserted into HindIIIdigested p3xFLAG-CMV-10 (Sigma-Aldrich) to generate N-terminal 3xFLAG-tagged proteins by using an In-Fusion HD cloning kit (Clontech). The expression vectors of constitutively active and dominant negative forms of AMPK ␣1 were prepared as described previously (23 
fibroblasts derived from Gaucher disease patients (GM00372, GM00877, and GM00852, respectively) were purchased from the Coriell Institute. These fibroblast cells were cultured in Eagle's minimum essential medium with Earle's salts and nonessential amino acids, containing 15% FBS, 100 units/ml penicillin, and 100 g/ml streptomycin at 37°C in 5% CO 2 . Cells were transfected with expression vectors by using TurboFect transfection reagent (Thermo Scientific) according to the manufacturer's instructions.
Immunoblot Analysis-Cells were lysed in ice-cold lysis buffer (20 mM Tris-HCl buffer (pH 7.5), containing 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, and phosphatase and protease inhibitor mixtures (Roche Diagnostics)) by sonication for 45 s. Cell debris was removed by centrifugation (18,000 ϫ g for 10 min at 4°C). The amount of protein in the supernatant was determined by bicinchoninic acid protein assay (Pierce), with BSA as a standard. For immunoprecipitation (IP) of FLAG-tagged protein, the protein extract prepared in lysis buffer was subjected to IP with anti-FLAG M2-agarose affinity gel (Sigma-Aldrich). Then the gel was washed with PBS three times, and the FLAG-tagged protein was eluted with lysis buffer containing 100 g/ml of 3xFLAG peptide (Sigma-Aldrich). Equal amounts of protein were separated by SDS-PAGE using Mini-PROTEAN TGX Gel (Bio-Rad) and then blotted onto PVDF membranes by Trans Blot Turbo (Bio-Rad). The membranes were blocked in Blocking One-P solution (Nacalai Tesque) and incubated with Signal Enhancer HIKARI diluent (Nacalai Tesque) containing antibodies against AMPK␣1/2 (1:2000), phospho-AMPK␣1/2 (Thr-172) (1:2000), ACC (1:2000); phospho-ACC (Ser-79) (1:2000), LKB1 (1:3000); DYKDDDDK tag (1:6000), phospho-(Ser/Thr) AMPK substrate (1:1000), ␣-tubulin (1:20,000), Nudt14 (1:250), or ␤-actin (1:20,000). The blots were washed with TBS-T and then incubated with HRP-conjugated anti-mouse or anti-rabbit IgG antibody (1:10000) (Cell Signaling Technology) or anti-goat IgG antibody. The blots were washed again with TBS-T. The protein was detected by chemiluminescence using Luminate Forte Western HRP substrate (Millipore) and then analyzed with an LAS-3000 luminescence image analyzer (Fujifilm). To avoid dephosphorylation of the AMPK ␣ subunit and ACC, cells treated with or without AMPK-activating compounds were immediately frozen with liquid nitrogen after incubation.
Immunostaining-To determine the subcellular localization of Nudt14 or Nudt14 T141A, 3T3 cells were transfected with plasmids encoding FLAG-Nudt14 or FLAG-Nudt14 T141A. After transfection, cells were treated with AICAR (1 mM) or metformin (8 mM), fixed in 3% paraformaldehyde for 15 min, and then washed with PBS. The fixed cells were blocked in Blocking One Histo (Nacalai Tesque) and incubated with antibodies against FLAG tag (1:500) and GM130 (1:500), a Golgi marker, for 12 h at 4°C. After incubation, cells were washed with PBS and incubated with Alexa Fluor 568 anti-mouse IgG (1:500) and Alexa Fluor 488 anti-rabbit IgG (1:500) for 1 h. Nuclei were counterstained with 4Ј,6-diamidino-2-phenylindole, dihydrochloride (DAPI) for 5 min. Cells were mounted in Immu-Mount reagent (Thermo Scientific) and observed under a confocal laser-scanning microscope (FV1000, Olympus).
Measurement of Intracellular UGCG and Glucosylceramidase Activity-The assays were performed as described previously with modification (25) . Cells grown in 24-well plates containing DMEM plus 10% FBS were exposed to AICAR, metformin, CC, or AMPK ␣1/2 siRNA for an appropriate period. The culture medium was switched to 250 l of DMEM plus 10% FBS containing 0.5 M NBD C6-ceramide conjugated to BSA (Invitrogen). After 90 min of incubation at 37°C, cells were rinsed with ice-cold Dulbecco's PBS (Nacalai Tesque), scraped from the wells using 50 l of ice-cold water, and transferred to 1.5-ml tubes. Lipids were extracted by the addition of 190 l of chloroform/methanol (1:2, v/v). After incubation at room temperature for 10 min, 62.5 l of water and chloroform were added, and then the tubes were centrifuged at 12,000 ϫ g for 5 min. The lower phase was collected and dried with a SpeedVac concentrator. The dried sample was dissolved in 20 l of chloroform/methanol (1:2, v/v), and 3 l of the sample was applied onto a TLC plate, which was developed with chloroform/methanol/water (65:25:4, v/v/v). The reaction products were visualized with an LAS-3000 image analyzer equipped with a blue light-emitting diode (460-nm EPI) and a Y515-Di filter and then quantified with ImageJ version 1.43u software (National Institutes of Health). The extent of synthesis of NBDlabeled GlcCer was calculated with the equation, synthesis (%) ϭ (peak area for NBD C6-GlcCer) ϫ 100/(peak area for NBD C6-ceramide ϩ peak area for NBD C6-GlcCer ϩ peak area for NBD C6-sphingomyelin). Under this experimental condition, NBD fatty acid, which is generated from ceramide by ceramidase (26) , was not detected. To measure intracellular glucosylceramidase (GCase) activity, we used BSA-conjugated NBD C6-GlcCer, which was prepared as described previously (27) , instead of NBD C6-ceramide. The extent of degradation of NBD-labeled GlcCer was calculated with the equation, GCase activity (%) ϭ (peak area for NBD C6-ceramide) ϫ 100/(peak area for NBD C6-ceramide ϩ peak area for NBD C6-GlcCer).
Lipid Extraction and Quantification of Sphingolipids by LC-ESI MS/MS-Cells were washed once with cold PBS, collected in 100 l of cold PBS, and sonicated with a Handy Sonic Disruptor (Tomy Seiko Co.) for 10 s. Part of the sample (5 l) was used in the bicinchoninic acid protein assay to determine the amount of protein. Total lipids were extracted by adding 375 l of chloroform/methanol (1:2, v/v) containing 62.5 pmol of each component of Ceramide/Sphingoid Internal Standard Mixture II (Avanti Polar Lipids, Inc.). The single-phase mixture was incubated at 48°C overnight. After cooling, 125 l of water and chloroform were added. The lower phase was collected and dried with a SpeedVac concentrator. The dried sample was suspended in chloroform/methanol (2:1, v/v) containing 0.1 N KOH, incubated for 2 h at 37°C, and neutralized with an equal amount of acetic acid, and then water was added. The lower phase was withdrawn and dried and then resuspended in 200 l of methanol, sonicated for 10 s, and centrifuged at 14,000 ϫ g for 5 min. The supernatant was transferred to autoinjector vials. The amounts of GlcCer, LacCer, Cer, and sphingomyelin were analyzed by LC-ESI MS using a triple quadruple mass spectrometer 4000Q TRAP (AB SCIEX) coupled to an Agilent 1100 series HPLC system (Agilent). A binary solvent gradient with a flow rate of 0.2 ml/min was used to separate sphingolipids by normal phase chromatography using an InertSustain NH2 column (2.1 ϫ 150 mm, 5-m bead size, GL Science, Japan). The gradient was started at 20% buffer B (methanol/water/formic acid (89:9:1, v/v/v) with 20 mM ammonium formate) in buffer A (acetonitrile/methanol/formic acid (97:2:1, v/v/v) with 5 mM ammonium formate). The gradient reached 100% B in 4 min and was maintained at 100% B for 2 min. Finally, the gradient was returned to the starting conditions, and the column was equilibrated for 5 min before the next run. Sphingolipids containing C16:0, C18:0, C20:0, C22:0, C24:0, and C24:1 fatty acids were detected using a multiple-reaction-monitoring method, as described previously (28) .
RNA Interference-Stealth RNAi duplexes (Life Technologies) were designed to mouse AMPK ␣1 (5Ј-CCAGGUCAU-CAGUACACCAUCUGAU-3Ј) and ␣2 (5Ј-AAGUGAAG-AUUGGAGAACACCAAUU) using the BLOCK-iT RNAi Designer. Predesigned Stealth RNAi siRNA (MSS287847, Life Technologies) was used to knock down Nudt14. Stealth RNAi siRNA Negative Control Med GC or Low GC were used as control siRNAs for knockdown of AMPK ␣ subunits and Nudt14. The reverse transfection method was used to transfect Stealth RNAi into 3T3 cells. Stealth RNAi duplexes (30 pmol) were mixed with 5 l of Lipofectamine RNAiMAX reagent (Life Technologies) in 500 l of Opti-MEM I medium (Gibco) in the wells of 6-well plates and incubated for 20 min at room temperature. Cells in complete growth medium were seeded into 6-well plates at 150,000 cells/well and incubated for 48 h, and then the medium was replaced with flesh medium.
Quantification of Nucleotide Sugars-The quantification method was performed as described previously with some modifications (29) . Cells were washed with cold PBS, collected in 300 l of cold PBS, and spiked with GDP-Glc as an internal standard and then sonicated with a Handy Sonic Disruptor (Tomy Seiko Co.) for 10 s. Part of the sample (5 l) was used in the bicinchoninic acid protein assay. Ice-cold ethanol (900 l) was added to the sample. The extract was centrifuged at 16,000 ϫ g for 10 min at 4°C, and then the supernatant was lyophilized. The freeze-dried sample was applied to an Envi-Carb column (Supelco Inc.) and purified as described previously (29) . After purification, nucleotide sugars were separated and detected by ion pair reverse-phase HPLC using an Inertsil ODS-3 column (particle size ϭ 3 m, 4.6 ϫ 150 mm; GL Science, Tokyo, Japan). For HPLC analysis, buffer C (100 mM potassium phosphate buffer (pH 6.4), supplemented with 8 mM tetrabutylammonium hydrogen sulfate) and buffer D (70% buffer C with 30% acetonitrile) were used. The gradient was started at 0% buffer D and reached 77% buffer D in 22 min and 100% buffer D in 23 min and maintained at 100% buffer D for 14 min at a flow rate of 1.0 ml/min. Nucleotide sugars were detected with a Hitachi Elite LaChrom UV detector L-2400 (Hitachi, Tokyo, Japan) set to a wavelength of 254 mm.
Measurement of Nudt14 Activity-An aliquot of 50 nmol of UDP-Glc was incubated at 37°C for 2 h with a suitable amount of cell lysates derived from mock-, Nudt14-, or Nudt14 T141Atransfected HEK293 cells in 50 l of 50 mM Tris-HCl buffer (pH 8), containing 10 mM MgCl 2 . After incubation, reaction mixtures were neutralized by adding 50 l of 1 M Tris-HCl, pH 6.5. The enzymatic reaction was stopped by adding 100 l of MeOH, the sample was centrifuged (13,000 ϫ g for 3 min), and the supernatant was transferred to autoinjector vials. The enzymatic product (UMP) and substrate (UDP-Glc) were separated and detected by ion pair reverse-phase HPLC with an Inertsil ODS-3 column using an isocratic mobile phase (70% buffer C with 30% buffer D) at a flow rate of 1.0 ml/min. Quantitative Real-time PCR-Total RNA was extracted from cells using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Two micrograms of total RNA were used to obtain cDNA via MultiScribe Reverse Transcriptase (Applied Biosystems). Real-time PCR was performed using an ABI7900HT real-time PCR system (Applied Biosystems). The expression of the ugcg gene was analyzed using specific predesigned TaqMan probes (Applied Biosystems) and normalized against gapdh expression as a standard.
Statistical Analysis-All statistical analyses used unpaired two-tailed Student's t tests, and all data were expressed as means and S.D. values from at least three experiments. Statistical significance in the figures is indicated as follows: *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
Results
Intracellular UGCG Activity and Sphingolipid Content in AMPK-activating Cells-To activate intracellular AMPK, we used two representative AMPK activators, metformin and AICAR. The AMPK ␣ subunit is phosphorylated and activated by upstream kinase liver kinase B1 (LKB1) in response to metformin and AICAR (30) . We consistently observed increased phosphorylation of the AMPK ␣ subunit and acetyl-CoA carboxylase (ACC), a representative substrate of AMPK, after metformin and AICAR treatment ( Fig. 1A ). To better understand the effect of AMPK activation on intracellular GlcCer metabolism, we performed a cell-based GlcCer synthase assay. This was accomplished by using a cell-permeable fluorescent ceramide, which is incorporated into GlcCer and sphingomyelin (25) . Although fluorescent GlcCer was detected in control MEF cells, no corresponding product was observed in ugcg(Ϫ/Ϫ) MEF cells ( Fig. 1B) . This result indicates that incorporated fluorescent ceramide was converted to GlcCer by UGCG and that other hexosylated ceramides, such as GalCer, were not synthesized in MEF cells. Therefore, to determine intracellular UGCG activity in this study, we primarily used 3T3 cells, an MEFderived cell line (Fig. 1B) .
The cell-based UGCG assay revealed that intracellular UGCG activity decreased in response to metformin and AICAR in a concentration-dependent manner (Fig. 1C ). On the other hand, sphingomyelin synthase activity was unchanged under AMPK-activating conditions (Fig. 1C ). Next, we measured sphingolipid content of cells under AMPK-activating conditions by using LC-ESI MS/MS analysis (28) . In agreement with the reduced enzymatic activity, the amount of GlcCer and LacCer, which is synthesized from GlcCer and UDP-galactose (UDP-Gal), was significantly decreased after metformin and AICAR treatment ( Fig. 1D ). By contrast, cellular sphingomyelin levels were hardly affected by either AMPK activator ( Fig. 1D ). On the other hand, ceramide levels were decreased by the AMPK activators, especially by AICAR treatment (Fig. 1D ). AMPK phosphorylates and inhibits ACC, which is the late limiting enzyme for fatty acid synthesis, to promote fatty acid oxidation and suppress fatty acid synthesis, leading to a reduction of cellular fatty acid levels. Ceramide is composed of a sphingoid base and a fatty acid; therefore, the reduction of ceramide is probably due to the reduction of its components under AMPK-activating conditions. Taken together, these results suggest that the activity of UGCG is decreased under AMPK-activating conditions, leading to a reduction of intracellular GlcCer and LacCer levels.
Effects of an AMPK Inhibitor and RNAi on GlcCer Levels and
UGCG Activity-In contrast to intracellular GlcCer synthase activity (Fig. 1C) , in vitro UGCG activity that was measured using cell lysates was unaffected by adding several concentrations of metformin and AICAR ( Fig. 2A ), suggesting that the effect of these compounds on UGCG activity was AMPK-dependent but indirectly so. To verify whether the reduction of UGCG activity and GlcCer levels by AMPK-activating com- JULY 17, 2015 • VOLUME 290 • NUMBER 29
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pounds is dependent on AMPK, we examined the effect of an AMPK inhibitor and AMPK siRNA on GlcCer synthesis. AMPK and ACC phosphorylation levels in AICAR-treated cells were restored to control levels by adding CC, an AMPK inhibitor ( Fig. 2B) . Importantly, CC failed to affect in vitro UGCG activity, indicating that CC itself did not affect UGCG activity ( Fig. 2A) . On the other hand, the decreased intracellular UGCG activity in AICAR-treated cells was restored to control levels by adding CC (Fig. 2B) . Consistent with this result, the decreased GlcCer and LacCer levels in AMPK-activating cells were restored by CC (Fig. 2C ).
Next, we performed an siRNA-mediated knockdown experiment to verify the results obtained with the AMPK inhibitor. AMPK ␣1 siRNA reduced the expression and phosphorylation levels of the AMPK ␣ 1 subunit, indicating that siRNA-mediated knockdown suppressed AMPK (Fig. 3A) . Because siRNA of the AMPK ␣2 subunit failed to affect the protein expression levels of the AMPK ␣ subunit (Fig. 3A) , we concluded that the cells used in this experiment predominantly express the ␣ 1 subunit. In agreement with the results of the AMPK inhibitor experiment, knockdown of the AMPK ␣ 1 subunit restored intracellular UGCG activity in AICAR-treated cells (Fig. 3B ). GlcCer and LacCer levels in AICAR-treated cells were also restored by knockdown of the AMPK ␣ 1 subunit (Fig. 3, C and D) .
In addition to the inhibitor and knockdown experiments, we used LKB1-deficient HeLa cells (31) to verify the dependence of the AMPK pathway on UGCG activity and cellular glycolipid levels. LKB1 is the upstream kinase necessary for the AICAR-or metformin-mediated activation of AMPK (32) . As expected, no changes in phosphorylation levels of AMPK ␣ subunit and ACC were detected in AICAR-treated HeLa cells, in which LKB1 expression was not detected (Fig. 4, A and B) . By contrast, phosphorylation of AMPK ␣ subunit and ACC were enhanced by AICAR treatment in 3T3 cells that express LKB1 (Fig. 4, A and  B) . Consistent with these results, AICAR treatment failed to decrease intracellular UGCG activity in HeLa cells but did decrease it in 3T3 cells (Fig. 4C) . Moreover, AICAR treatment did not affect the intracellular GlcCer and LacCer levels in HeLa cells (Fig. 4D) . These results demonstrate that intracellular UGCG activity is regulated by the LKB1-AMPK pathway.
Intracellular Sugar Nucleotide Content in AMPK-activated Cells-Although no AMPK phosphorylation sites were found in the UGCG amino acid sequence, we examined changes in UGCG phosphorylation levels by using a ProQ Diamond phosphoprotein gel stain reagent to clarify the mechanism underlying AMPK-mediated reduction of UGCG activity. As expected, phosphorylated UGCG was not detected in AICAR-treated cells (Fig. 4A ). UGCG protein expression levels in AICAR-or CC-treated cells was nearly identical to that of control cells (Fig.  4A ). In addition, quantitative real-time PCR revealed that AICAR or CC treatment did not affect UGCG RNA expression levels (Fig. 4B ). Taken together, these results suggest that UGCG is not the direct substrate for AMPK and that UGCG activity is not regulated by its protein or mRNA expression levels or modification of phosphorylation under AMPK-activating conditions. Cellular GlcCer levels are controlled not only by UGCG but also by GCase that degrades GlcCer, resulting in the generation of glucose and ceramide. In mammals, GlcCer is mainly catabolized by lysosomal GCase, also called acid ␤-glucosidase 1 (GBA1) (33) and endoplasmic reticulum/Golgi-localized nonlysosomal GCase, GBA2 (34 -36) . We confirmed that intracellular GCase activity, which might reflect the activity of GBA1 and/or GBA2, was not affected by AICAR or CC treatment (Fig.  5C ). A deficiency in GBA1 activity due to biallelic mutations in the Gba1 gene leads to the most common inherited sphingolipidosis, Gaucher disease (10) . We found that intracellular UGCG activity and GlcCer levels were still reduced by AICAR or metformin treatment in Gaucher disease patient-derived fibroblasts (Fig. 5, D and E) . These results suggested that reduction of GlcCer by AMPK was caused by changes in the activity of UGCG, not by GCase. In fact, no AMPK phosphorylation sites were found in the amino acid sequences of GBA1 and GBA2, indicating that GCase activity may not be regulated by AMPK.
It should be noted that exogenous fluorescent ceramide was used for determining intracellular UGCG activity; thus, the level of endogenous ceramide could be excluded as a reason for the reduction in UGCG activity. In addition, in contrast to GlcCer, ceramide levels changed little following metformin treatment (Fig. 1D) . Therefore, we speculated that the amount of cellular UDP-Glc, the precursor of GlcCer, might be changed under AMPK-activating conditions, thereby affecting cellular GlcCer levels. Ion pair reverse-phase HPLC was used to determine sugar nucleotide levels under AMPK-activating conditions. AICAR and metformin significantly decreased sugar nucleotide levels, including UDP-Glc and UDP-Gal (Fig. 5F) . Interestingly, the reduction of sugar nucleotide levels in AICAR-treated cells could be blocked with CC ( Fig. 5G) , suggesting that activation of AMPK decreased UDP-Glc levels, leading to the suppression of intracellular UGCG activity and GlcCer synthesis. Phosphorylation of Sugar Nucleotide-metabolizing Enzymes by AMPK-UDP-Glc is synthesized from glucose 1-phosphate and UTP by UDP-Glc pyrophosphorylase UGP2 (EC 2.7.7.9) (37) and is degraded by UDP-Glc pyrophosphatase Nudt14 (EC 3.6.1.45) to release glucose 1-phosphate and UMP (38, 39) (Fig.  6A ). We hypothesized that intracellular UDP-Glc levels are probably regulated by UGP2 and/or Nudt14 and that AMPK may phosphorylate one or both enzymes to regulate their activities. Interestingly, we found that UGP2 and Nudt14 contain the consensus phosphorylation motif of AMPK (40, 41) , which is well conserved in higher eukaryotes. However, in Nudt14, some of the amino acids in this motif are replaced with similar amino acids (Fig. 6, B and C) . In the case of humans and rodents, Ser-448 in UGP2 and Thr-141 in Nudt14 were predicted to be AMPK phosphorylation sites (Fig. 6, B and C) . To address the possibility that AMPK phosphorylates these UDP-Glc-metabolizing enzymes, we first examined whether we could detect phosphorylation of UGP2 or Nudt14 by using an antibody against the phospho-(Ser/Thr) AMPK substrate that recog- FIGURE 5 . Exploration of the mechanisms by which AMPK affects UGCG activity. A, examination of phosphorylation of UGCG. CHO cells expressing C-terminal FLAG-tagged UGCG were incubated with AICAR or CC for 3 h. The recombinant UGCG was immunoprecipitated from cell lysates by FLAG antibody and then subjected to immunoblot analysis and stained with ProQ Diamond, which detects phosphorylated proteins. B, expression levels of ugcg mRNA in AICAR-or CC-treated cells. The mRNA was extracted from 3T3 cells after treatment with AICAR or CC for 3 h and then quantified as described under "Experimental Procedures." C, effects of AICAR and CC on intracellular GCase activity. After treatment with AICAR or CC, NBD C6-GlcCer conjugated to BSA was added to cells and incubated, and then NBD C6-ceramide released from GlcCer was measured by TLC. D, effects of metformin and AICAR on intracellular UGCG activity of fibroblasts derived from Gaucher disease patients. Fibroblasts derived from type 1, 2, and 3 Gaucher disease patients were incubated with metformin or AICAR for 8 h and then were incubated with C6-NBD Cer conjugated with BSA for 90 min. Fluorescent sphingolipids were extracted from the cells and then analyzed by TLC. E, quantification of cellular GlcCer levels of fibroblasts derived from a Gaucher disease patient (type 2). Lipids were extracted from fibroblasts treated with metformin (8 mM) or AICAR (1 mM) for 16 h and were then subjected to LC-ESI MS, as described under "Experimental Procedures." F, sugar nucleotide levels in metformin-or AICAR-treated cells. Sugar nucleotides were extracted from 3T3 cells treated with metformin (8 mM) or AICAR (1 mM) for 8 h and then subjected to ion pair reverse-phase HPLC, as described under "Experimental Procedures." G, effect of CC on sugar nucleotide levels in AICAR-treated cells. Sugar nucleotides were extracted from 3T3 cells treated with AICAR (1 mM) or AICAR ( 
nizes proteins bearing the LXRXX(pS/pT) motif (where pS and pT represent phosphoserine and -threonine, respectively). FLAG-tagged UGP2 or Nudt14 was expressed in HEK293 cells, which were treated with or without metformin. Although the phospho-(Ser/Thr) AMPK substrate antibody recognized both UGP2 and Nudt14 immunoprecipitated by FLAG antibody from HEK293 cell lysates, UGP2 phosphorylation levels remained unchanged following metformin treatment (Fig. 6D) . Because the replacement of Ser-448 by Ala (S448A) reduced UGP2 phosphorylation levels, Ser-448 was identified as a phosphorylation site. However, it seems that AMPK is not the kinase responsible for phosphorylating UGP2 (Fig. 6D) . Metformin treatment markedly enhanced Nudt14 phosphorylation levels, suggesting that Nudt14 is a direct substrate of AMPK (Fig. 6E) . To identify the phosphorylation site of Nudt14, Thr-141 of Nudt14 was replaced with Ala (T141A) via site-directed mutagenesis. Notably, replacing T141A completely abolished phosphorylated Nudt14, indicating that Thr-141 of Nudt14 is the phosphorylation site for AMPK ( Fig. 6E) .
To determine whether AMPK is responsible for phosphorylating Nudt14, we examined how the AMPK inhibitor CC and co-expression with a constitutively active form (CA) or dominant negative form (DN) of AMPK ␣ subunit affect Nudt14 phosphorylation levels. CC treatment attenuated metforminpotentiated phosphorylation of Nudt14 in a concentration-dependent manner (Fig. 6F) . The ␣ subunit is the catalytic subunit UGP2 Nudt14 FIGURE 6. Phosphorylation of UDP-Glc pyrophosphatase Nudt14 by AMPK. A, enzymes involved in the synthesis and degradation of UDP-Glc. UDP-Glc was synthesized by UGP2 from UTP and glucose 1-phosphate (Glc-1P) and degraded by Nudt14 to generate UMP and glucose 1-phosphate. B, alignment of UGP2 amino acid sequences from various animals. Ser-448 (S448) was predicted as a potential phosphorylation site for AMPK. C, alignment of amino acid sequences of Nudt14 from various animals. Thr-141 (T141) was predicted as a potential phosphorylation site for AMPK of human or rodent Nudt14. D and E, immunoblot analysis showing the phosphorylation of UGP2 and Nudt14. HEK293 cells transfected with mock-, FLAG-UGP2-, FLAG-UGP2 S448A-, FLAG-Nudt14-, or FLAG-Nudt14 T141A-expressing vectors were incubated with (ϩ) or without (Ϫ) metformin. Cell lysates and immunoprecipitates resulting from incubation with anti-FLAG antibody were subjected to immunoblotting with the indicated antibodies. Anti-phospho-AMPK substrate antibody recognizes proteins bearing the LXRXX(pS/pT) motif. F, effect of CC on phosphorylation of Nudt14 in metformin-treated HEK293 cells expressing FLAG-Nudt14. Cells were treated with 10 mM metformin and several different concentrations of CC. G, effect of co-expression with CA or DN forms of AMPK on phosphorylation of Nudt14. The smaller ϳ37 kDa band on the immunoblot probed with AMPK ␣1/2 antibody represents AMPK CA expression. AMPK DN has a molecular mass similar to that of the WT, ϳ65 kDa. of AMPK; it comprises a kinase domain, an autoinhibitory sequence, and a C-terminal domain, which is required for forming a complex with the ␤ and ␥ subunits (42) . AMPK CA is made by substituting Thr-172 with Asp, which mimics the phosphorylation by upstream kinases, such as LKB1, and truncation of the autoinhibitory sequence and C-terminal domain; AMPK DN has the D157A mutation, which inactivates kinase activity (23) . The co-expression of AMPK CA and DN were confirmed by immunoblot analysis using AMPK ␣1/2 antibody (Fig. 6G) . Importantly, we found that phosphorylation of Thr-141 of Nudt14 was facilitated by AMPK CA but prevented completely by AMPK DN induction (Fig. 6G) . These results strongly suggest that AMPK phosphorylates Thr-141 of Nudt14. Effect of Phosphorylation on the Activity of Nudt14 -To determine the impact of the phosphorylation of Nudt14 by AMPK, we measured the UDP-Glc pyrophosphatase activity of Nudt14 by analyzing released UMP and UDP-Glc by HPLC analysis (Fig. 7A ). HEK293 cells were transfected with mock-, Nudt14-, or Nudt14 T141A mutant-expressing vectors. The cells were then lysed, and the lysates were mixed with UDP-Glc. The peak intensity of UMP released from UDP-Glc was markedly increased in cell lysates from cells overexpressing Nudt14 and Nudt14 T141A compared with those expressing the mock transfectant (Fig. 7A) . Importantly, greater UDP-Glc pyrophosphatase activity was detected in the Nudt14 wild type (WT) than in the T141A mutant ( Fig. 7B ), suggesting that phosphorylation modification may affect Nudt14 activity. In fact, metformin treatment increased the UDP-Glc pyrophosphatase activity of Nudt14 WT; however, treating the T141A mutant with or without metformin produced no difference (Fig. 7B) .
These results indicate that phosphorylation by AMPK may potentiate Nudt14 activity, although the extent of activation is small.
Next, we examined the effect of Nudt14 WT or T141A mutant overexpression on intracellular sugar nucleotide levels. Although both Nudt14 WT-and T141A-overexpressing cells displayed increased in vitro UDP-Glc pyrophosphatase activity relative to that of mock transfectant cells (Fig. 7A ), UDP-Glc and UDP-Gal levels of these cells were quite similar under metformin-free conditions (Fig. 7, C and D) . Thus, we hypothesized that Nudt14 might be localized in a specific cellular compartment under normal conditions in order to isolate it from UDP-Glc, thus preventing excess degradation. However, regardless of whether it is phosphorylated by AMPK, Nudt14 was found in the cytosol, where UDP-Glc is synthesized (Fig. 7E) , indicating that Nudt14 must be accessible to UDP-Glc. These results suggest that intracellular Nudt14 may be strictly regulated by an unidentified factor, which maintains appropriate UDP-Glc levels under normal AMPK-inactivated conditions. Thus, overexpressed Nudt14 was not fully functional in our setup. On the other hand, in Nudt14 WT-overexpressing cells, UDP-Glc and UDP-Gal decreased more rapidly as a result of metformin treatment than did mock-and T141A mutant-transfected cells (Fig.  7, C and D) , indicating that AMPK phosphorylation may activate intracellular Nudt14 activity.
Sugar Nucleotide Content in Nudt14-depleted Cells-To verify the contribution of Nudt14 in reducing UDP-Glc levels in AMPK-activated cells, Nudt14 expression in 3T3 cells was attenuated by siRNA-mediated knockdown (Fig. 8A) . Unexpectedly, Nudt14 siRNA knockdown did not decrease UDP-Glc pyrophosphatase activity, although Nudt14 expression levels were markedly down-regulated ( Fig. 8B) . Consistent with this result, cellular sugar nucleotide levels, including UDP-Glc levels, were hardly affected by the knockdown of Nudt14 (Fig. 8C ). Furthermore, Nudt14 siRNA knockdown did not restore the reduced sugar nucleotide content in AICAR-treated cells in these Nudt14-depleted cells (Fig. 8C) . These results suggest that some other UDP-Glc pyrophosphatases in addition to Nudt14 are present in mammalian cells, and some of them may be affected by AMPK (Fig. 8D ).
Discussion
Under energy-reducing conditions, AMPK stimulates ATPgenerating pathways, such as the glycolytic pathway or the pathway of fatty acid oxidation, but inhibits anabolic processes, such as those involved in the biosynthesis of fatty acids, cholesterol, glycogen, and triacylglycerol, in order to maintain cellular energy homeostasis (42) .
In the present study, we showed that GlcCer and LacCer synthesis is negatively regulated under AMPK-activating conditions. Under these conditions, the levels of sugar nucleotides are reduced, including those of UDP-Glc, the precursor of GlcCer (Fig. 8D ). We demonstrated that the reduced GlcCer synthesis that occurs under AMPK-activating conditions could be restored by an inhibitor of AMPK or by knockdown of the AMPK ␣ 1 subunit. In addition, the reduction of GlcCer synthesis by AMPK-activating compounds did not occur in LKB1defective HeLa cells, indicating that the phenomenon was induced by an LKB1-AMPK-dependent mechanism.
What is the physiological importance of AMPK-mediated reduction of GlcCer? GlcCer is composed of glucose, fatty acid, and sphingoid base generated from L-serine, which is made from an intermediate of glycolysis. Thus, one possibility is that glucose and fatty acids can be alternatively used for generating ATP by inhibiting the synthesis of GlcCer under AMPK-activating conditions. Another possibility may be linked to our previous study in the fruit fly, in which we showed that GlcCer levels are closely related to energy metabolism in the fat body, a tissue that is equivalent to adipose tissue and liver in mammals (43) . Interestingly, overexpression of UGCG increases triacylglycerol and glycogen levels, whereas knockdown of UGCG reduces these energy-storing compounds in the fat body of the fruit fly. This suggests that AMPK-mediated reduction of GlcCer may serve as a "switch" that restores the consumption of triacylglycerol and glycogen, leading to ATP production. As described above, GlcCer comprises compounds that are closely related to energy homeostasis. Therefore, we surmise that changes in intracellular GlcCer levels may reflect an animal's cellular energy state and may affect glycogen and triacylglycerol metabolism to control energy homeostasis.
Because sugar nucleotides are used not only for the synthesis of GlcCer and GSLs but also for glycoconjugates such as glycogen, glycoproteins, and proteoglycans, we predict that glycoconjugate levels may also be affected by AMPK-activating compounds. In the present study, we focused on GlcCer metabolism and only measured (glyco)sphingolipid levels. Nakajima et al. (44) recently developed an LC-MS-based method to analyze sugar nucleotide metabolism by using glucose labeled with a stable isotope. This method would provide important information for the fate of sugar nucleotides and their derivatives under AMPK-activating conditions. It should be noted that GlcCer synthesis occurs at the cytosolic face of the Golgi apparatus via UGCG (45) , and sugar nucleotides are also synthesized in the cytosol. Therefore, we hypothesize that GlcCer synthesis may be highly influenced by the reduction of sugar nucleotide levels relative to glycoproteins that are synthesized at the luminal side of the Golgi, where sugar nucleotides are transported from the cytosol.
In the present study, we found that AMPK phosphorylates the UDP-Glc pyrophosphatase Nudt14 at the Thr-141 site. Nudt14 belongs to the Nudix hydrolase superfamily, which mainly comprises pyrophosphatases that hydrolyze a wide range of substrates, such as nucleoside di-and triphosphates, dinucleoside and diphosphoinositol polyphosphates, nucleotide sugars, and RNA caps (46) . Mammals have ϳ24 Nudix genes. However, the phosphorylation site for AMPK found in Nudt14 is not conserved among Nudix proteins, suggesting that Nudt14 is the sole Nudix family enzyme that may be controlled by AMPK. According to the crystal structure of Nudt14, which has already been determined to be a homodimeric protein (Protein Data Bank code 3Q91), Thr-141 is located on ␤-strand 4 of the outer portion of Nudt14, where Nudt14 is faced with a dimeric partner and is far from the catalytic domain. Thus, it seems that the phosphorylation of Thr-141 may not be involved in the direct activation of Nudt14 but rather affects the formation of a dimeric state or complex with other proteins. Surprisingly, Nudt14 overexpression did not reduce cellular UDP-Glc levels under normal conditions, although in vitro UDP-Glc pyrophosphatase activity was remarkably increased. We found that Nudt14 consistently localized in the cytosol, regardless of whether it was phosphorylated by AMPK. This indicates that Nudt14 was accessible to UDP-Glc synthesized in the cytosol. Thus, we hypothesize that, in mammalian cells, Nudt14 may be negatively regulated by a factor that prevents excess degradation of UDP-Glc and UDP-Gal, which are utilized for the synthesis of functional glycoconjugates, such as glycolipids, glycogen, proteoglycans, and glycoproteins ( Fig. 8D ). Under AMPK-activating conditions, Nudt14 undergoes a phosphorylation-mediated conformational change that may cause the inhibitory factor to leave or detach from Nudt14. This change would allow Nudt14 to exert proper activity toward UDP-Glc (Fig. 8D ). In fact, greater UDP-Glc pyrophosphatase activity and faster reduction of UDP-Glc levels were detected in Nudt14-overexpressing cells incubated under AMPK-activating conditions. Because in vitro UDP-Glc pyrophosphatase activity was still observed in lysates derived from cells overexpressing the phosphorylation site null Nudt14 mutant (Nudt14 T141A), the inhibitory factor(s) may have detached from the enzyme during the processing of the cell lysates, although in this mutant, Nudt14 is not phosphorylated. Even if inhibitory factors that bind Nudt14 do exist, their avidity is probably weak, thus explaining why we were unable to isolate them during our IP experiment in the present study.
We considered that AMPK-mediated phosphorylation and activation of Nudt14 were the cause of the reduction of UDP-Glc levels. Unexpectedly, we found that UDP-Glc pyrophosphatase activity was not decreased and that the reduction of sugar nucleotide levels was not restored by siRNA-mediated knockdown of Nudt14. Thus, the AMPK-associated mechanisms responsible for reducing sugar nucleotides, especially UDP-Glc, remain to be worked out.
We surmise that mammalian cells possess some unidentified UDP-Glc pyrophosphatases (other than Nudt14) whose expression levels may be up-regulated to compensate for the absence of Nudt14 (Fig. 8D ). We found that UGP2, the sole enzyme responsible for UDP-Glc synthesis in mammals according to the KEGG PATHWAY database, was not phosphorylated by AMPK. Thus, we speculate that AMPK may regulate UDP-Glc-degrading pathways, including the unidentified UDP-Glc pyrophosphatases (Fig. 8D) , causing the reduction of UDP-Glc under AMPK-activating conditions. The results of Lysates derived from 3T3 cells that were transfected with Nudt14 siRNA were reacted with UDP-Glc for 120 min. C, sugar nucleotide levels of Nudt14-depleted cells. After treatment with (ϩ) or without (Ϫ) AICAR (1 mM) for 8 h, sugar nucleotides were extracted from 3T3 cells, in which Nudt14 was attenuated by siRNA and then subjected to ion pair reverse-phase HPLC, as described under "Experimental Procedures." D, predicted mechanism of AMPK-mediated reduction of UDP-Glc and GlcCer levels. PPA, pyrophosphatase.
